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Einmal kundigte der Physiker Leo Szilard seinem Freund Hans Bethe an, er wolle
eventuell ein Tagebuch fuhren: “ Ich habe nicht vor etwas zu veroffentlichen. Ich
mochte die Tatsachen nur festhalten, damit Gott Bescheid weill.” Daraufhin fragte
Bethe: “Glauben sie nicht, dass Gott die Tatsachen schon kennt?” — “Ja”, erwiderte
Szilard, “die Tatsachen kennt er. Aber diese Version der Tatsachen kennt er noch

nicht.”

Hans Christian von Baeyer, Das Atom der Falle
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Summary

1. Summary

1.1. Abstract

In mammalian cell nuclei chromosome territories (CTs) occupy positions correlating
with their gene-density and chromosome size. While this global radial order has
been well documented, the question of whether a global neighborhood order is also
maintained has remained a controversial matter. To answer this question | grew
clones (of HeLa, HMEC and human diploid fibroblast cells) for up to 5 divisions (32
cells) and performed 3D FISH experiments to visualize the nuclear positions of 3
different CT pairs. Using different landmark-based registration approaches |
assessed the similarity of CT arrangements in daughter cells and cousins. As
expected from a symmetrical chromatid movement during mitotic anaphase and
telophase, | was able to confirm previous findings of a pronounced similarity of CT
arrangements between daughter cells. However, already after two cell cycles the
neighborhood order in cousins was nearly completely lost. This loss indicates that a
global neighborhood order is not maintained.

Further, | could show in the present thesis that a gene density correlated distribution
of CTs, which has already been shown in different cell types of various species
appears to be independent of the cell cycle. Moreover | could provide evidence that
the nuclear shape plays a major role in defining the extent of this gene-density
correlated distribution, as nuclei of human, old world monkey and bovine fibroblasts
showed an increased difference in the radial distribution of gene poor/dense CTs
when their nuclei were artificially reshaped from a flat ellipsoid to a nearly spherical
nucleus.

The observation that a gene-density correlated distribution of CTs has been found in
nuclei from birds to humans argues for a significant, yet undiscovered functional
impact. So far CTs have been investigated mainly in cultured cells and to some
extent in tissues, yet little is known about the origin and fate of CTs during early
development. To gain insights into the very early organization of CTs in
preimplantation embryos | have developed a fluorescence in situ hybridization
(FISH) protocol, which enables the visualization of CTs in three dimensionally
preserved embryos. Using this protocol | have investigated CTs of bovine
chromosomes 19 and 20, representing the most gene-rich and gene-poor
chromosomes, respectively. Equivalent to the distributions described in other
species | could confirm a gene density related spatial CT arrangement in bovine

fibroblasts and lymphocytes with CT 19 being localized more internally and CT 20
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more peripherally. Importantly, | did not find a gene density related distribution of
CTs 19 and 20 in early embryos up to the 8-cell stage. Only in embryos with more
than 8 cells a significant difference in the distribution of both chromosomes became
apparent that increased upon progression to the blastocyst stage. Since major
genome activation in bovine embryos occurs during the 8- to 16-cell stage, my
findings suggest an interrelation between higher order chromatin arrangements and
transcriptional activation of the embryonic genome.

Using another experimental set up | analyzed the topology of a developmentally
regulated transgene utilizing bovine nuclear transfer (NT) embryos derived from fetal
fibroblasts, which harbored a mouse Oct4/GFP reporter construct integrated at a
single insertion site on bovine chromosome 13. | analyzed the intranuclear
distribution of the transgene as well as its position in relation to its harboring
chromosome in donor cell nuclei and day 2 NT embryos, where the transgene is still
inactive as well as in day 4 NT embryos, where transgene expression starts, and
day 7 NT embryos, where expression is highly increased. Compared to donor cell
nuclei | found a more peripheral location of both BTA 13 CTs and the Oct4/GFP
transgene in day 2, day 4 and day 7 NT embryos, although there was a trend of the
transgene and both BTA 13 CTs to re-localize towards the nuclear interior from d2
to d7 embryos. Moreover, | found the transgene located at the surface of its
harboring CT 13 in donor fibroblasts, whereas during preimplantation development
of NT embryos it became increasingly internalized into the chromosome 13 territory,
reaching a maximum in d7 NT embryos, i.e. at the developmental stage when its
transcription levels are highest. These latter experiments show that the transfer of a
somatic nucleus into a chromosome depleted oocyte triggers a large scale positional
change of CTs 13 and of an Oct4/GFP transgene and indicate a redistribution of this
developmentally regulated Oct4/GFP transgene during activation and upregulation

in developing NT embryos.
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1.2. Zusammenfassung

In den Zellkernen aller bisher untersuchten Saugetiere findet man die Anordnung
der Chromosomenterritorien (CTs) korreliert mit der Gendichte und GroRe der
einzelnen Chromosomen. Nachbarschaftsanordnungen der einzelnen CTs jedoch
werden sehr kontrovers diskutiert. Um diesbezlglich neue Erkenntnisse zu
gewinnen habe ich verschiedene humane Zelllinien als Klone einzelner Zellen bis
hin zum 32-Zellstadium (5 Teilungen) wachsen lassen und auf diesen FISH
Experimente mit Sonden flir 3 verschiedenen CTs durchgefiihrt. Mittels
Auswertungen, die auf einer Landmark-basierten Registrierung einzelner CTs
beruht, wurde die Ahnlichkeit der CT Anordnungen in den verschiedenen Kernen
von Tochtern und Kusinen gemessen. Da sich, wie angenommen, die Chromatiden
in der Anaphase symmetrisch auseinander bewegen, findet sich in den
Tochterkernen nach der Mitose eine sehr symmetrische Anordnung der CTs, die
aber bereits in den Kusinen ersten Grades verschwunden ist, was gegen eine
generelle Vererbung der Nachbarschaftsanordnungen spricht.

Darlberhinaus konnte ich in der vorliegenden Arbeit zeigen, dass die von der
Gendichte abhangige Verteilung der CTs in verschiedenen Spezies jeweils
Zellzyklus unabhangig ist. Des Weiteren konnte ich zeigen, dass die Form der
Kerne eine entscheidende Rolle spielt fur die jeweilige Auspragung der CT
Verteilungen. In Fibroblasten Zellkernen verschiedener Spezies (Mensch,
Meerkatze/Primat, Rind), die artifiziell von ihrer urspringlich flachen in eine eher
kugelige Form gebracht wurden zeigte sich bei zunehmender Kugelform ein
groRerer Unterschied zwischen den Verteilungen von genreichen und genarmen
CTs.

Eine gendichte abhangige Verteilung von CTs wurde in Zellkernen verschiedenster
Spezies gefunden, von Voégeln bis hin zum Menschen, was fiur ihre Bedeutung
spricht, wenngleich der funktionelle Zusammenhang bisher nicht aufgedeckt werden
konnte. Bisher lag der Fokus der Untersuchungen vor allem auf Kernen die aus
Zellkulturen oder von Gewebeschnitten stammten. Weitaus weniger ist bekannt tber
die Entstehung von CTs wahrend der frihen Entwicklung. Mich interessierte die
Fragestellung der CT Etablierung wahrend der fruihen Embryonalentwicklung. Daflr
habe ich zunachst das fir Zellen gut etablierte Protokoll fir ,Fluoreszenz in situ
Hybridisierung“ (FISH) so modifiziert, dass damit die Visualisierung von CTs in
Embryonen moglich war, wobei zeitgleich deren 3D Morphologie erhalten blieb. Mit
Hilfe dieses Protokolls habe ich die Rinderchromosomen (BTA, Bos taurus) 19 und

20, welche das genreichste bzw. genarmste Chromosom darstellen, in friihen in
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vitro fertilisierten (IVF) Embryonen untersucht. Zunachst konnte ich in Kernen von
Fibroblasten und Lymphozyten von Rindern eine gendichte abhangige CT
Verteilung bestatigen wie sie bereits fur entsprechende Kerne anderer Spezies
bekannt ist. Dabei ist das genreiche BTA 19 zur Kernmitte hin und das genarme
BTA 20 zur Kernperipherie hin orientiert. Interessanterweise fand sich diese
gendichte abhangige Verteilung nicht in den Kernen friher IVF Embryonen. Erst in
Embryonen mit mehr als 8 Zellen wurde eine signifikante gendichte abhangige
Verteilung sichtbar, die zum Blastozystenstadium hin noch deutlicher wurde. Da
zwischen dem 8- und 16-Zellstadium die Hauptgenomaktivierung in
Rinderembryonen stattfindet, l1asst diese Beobachtung auf einen Zusammenhang
zwischen CT Anordnung und Transkriptionsaktivierung schlieRen.

Mit Hilfe eines anderen Experimentansatzes habe ich die Anordnung eines
entwicklungsgesteuerten Transgens in Rinderembryonen, die durch Kerntransfer
gezeugt wurden, untersucht. Die dabei verwendeten Donorzellen enthielten ein
murines Oct4-GFP Reporterkonstrukt das stabil an einem einzigen Lokus auf
Chromosom 13 integriert ist. In diesen Kernen habe ich die Anordnung des
Transgens hinsichtlich der Lage im Kern und in Bezug auf seine Lage innerhalb des
CTs analysiert. Zuerst in Donorzellen und Tag 2 Embryonen, in denen das
Transgen inaktiv ist, dann in Tag 4 Embryos, in welchen das Transgen aktiviert wird
und zuletzt in Tag 7 Embryos bei denen die Transkription des Transgens sehr hoch
ist. Im Vergleich zu den Donorkernen war die Lokalisation von BTA 13 und Oct4-
GFP in allen embryonalen Stadien deutlich peripherer, wenn gleich es einen Trend
mit zunehmender embryonaler Entwicklung zur Re-lokalisation von beiden zur
Zellkern Mitte hin gibt. Dartber hinaus fand sich das Transgen in den Donorzellen
an der Oberflache des CTs, wohingegen es sich in den Embryonen mit
zunehmender Entwicklung mehr und mehr innerhalb des CTs befand.
Bemerkenswerterweise befand es sich in Tag 7 Embryos, in denen die Expression
am hochsten ist, am weitesten innen. Diese Experimente zeigen deutlich, dass
durch oder nach dem Transfer eines somatischen Zellkerns in eine Eizelle eine
wesentliche Umpositionierung der untersuchten CTs und des Transgens stattfinden,
welche vermutlich mit der Aktivierung von Entwicklungs- und anderen Genen, die fur

die frihe Embryonalentwicklung nétig sind, in Zusammenhang steht.
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2. Introduction: Positions of chromosome territories (CTs) and

sub-domains in the cell nucleus

2.1. Goals of the study

At present there are many publications about the preferred localization of CTs in a
nucleus. Depending on the investigated species and cell types there is still an
ongoing controversial discussion on how CTs are arranged in the nuclear space.
Are CTs arranged in fixed neighborhood positions or is their spatial positioning
random? Are there certain rules, like specific radial arrangements or relative
positions to other compartments causing specific CT arrangements? How are these

positions inherited? | used several approaches to address this topic.

In the first part | investigated whether CTs were inherited in fixed neighborhood
patterns. Are CT arrangements in a mother nucleus similar to those in the daughter
cells found after cell division? Therefore the clonal growth of different cell types was
used for the analysis of a subset of chromosomes and their relative location towards
each other over several cell cycles.

The detailed cell cycle dependent location of several chromosomes was
investigated in the second part. All chosen chromosomes are representative for
certain features such as chromosome size or gene density. These investigations
should uncover controversial data published by several other groups concerning a
different CT distribution during cell cycle stage.

Since the shape of nuclei seems to have a major influence on the general
distribution of CTs, in the third part, the shape of nuclei was artificially altered to
investigate the influence in one specific cell type.

In the fourth and last part we started to work, in collaboration with V. Zakhartchenko
and E. Wolf from the Gencenter, Munich, on the 3D organization of CTs and
chromosomal subdomains in bovine preimplantation embryos. To do that it was
necessary to establish a FISH protocol on 3D preserved embryos. With this tool in
our hands we started to investigate several questions concerning early embryo
development. The radial distribution of gene-poor and gene-rich chromosomes was
investigated previously in many different species and cell types. Using the bovine
model we investigated if such a distribution pattern would be present from the very
beginning of fertilization or if it was established later during development. This work

was done utilizing in-vitro fertilized (IVF) embryos. Using in-vivo embryos would be
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more precise because they would describe the ultimate native developmental stages
but their generation is much more complex and complicate.

Another question was addressed using nuclear transfer (NT) embryos generated by
using a transgenic fibroblast cell line. The transgene itself contains the sequence for
an enhanced green fluorescent protein (EGFP), a promoter for the murine Oct4 and
parts of the structural non-transcribed murine Oct4 gene. The transgene is
expressed under control of the murine promoter which was shown to be active after
the fourth cell cycle in embryos (Wuensch et al. 2007). The transgene and its
harboring CT were identified with FISH technique in the donor cell line as well as in
embryos of different developmental stages. Afterwards measurements concerning
its location were performed. All measurements were done in relation to the nuclear
border and respective to its harboring CT. Embryos were chosen from stages before
and after major genome activation, representing the transgene in an active or

inactive state.

In the following the main features of nuclear architecture are described. In Material &
Methods (M&M) chapter all used techniques are described in detail, especially the
protocol for FISH on embryos, which is described in the present work for the first

time.
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Fig. 1) Historical drawing by Theodor Boveri (1862-1915) depicting early
development and chromosome diminution in Ascaris megalocephala, 1899; a
four cell stage is shown with clearly discernible chromosomes; note that sister
cells show a symmetrical order; for review see (Satzinger 2008);
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2.2. Organization in a cell nucleus

2.2.1.

All chromatin, the complex of DNA, histone and additionally associated non-histone
proteins is highly organized in the cell nucleus a view that has emerged only the last
decades (Cremer et al. 2006). While it is known since a long time that chromosomes
exist in a well defined structure in mitosis and meiosis it was discovered only in the
80s of the 20™ century that chromosomes remain in the interphase nucleus as
chromosome territories (CTs) (reviewed by (Meaburn and Misteli 2007) and (Cremer
and Cremer 2001)). Investigations trying to highlight any three dimensional order of
CTs discovered several levels of topological organization varying in different types
of cells and tissues (Cremer et al. 2006) (Lanctot et al. 2007).

Discovery of CTs

The human genome is organized in 23 chromosomes each in two homologues and
each with different parental origin. The term “chromosome” refers to the Greek
words “chroma” for color and “soma” for body — stainable bodies. Heinrich Wilhelm
Waldeyer was first introducing the term “chromosome”. Chromatin was stained
effectively with basophilic aniline dyes. One of the first publications describing
‘chromosomes” in plant mitotic events was by Wilhelm Hofmeister in 1848 already.
During mitosis the chromosomes condense and are visible light microscopically as
single X-shaped entities. During interphase the chromosomes are less densely
packed but still occupy a distinct area in the nucleus. This was matter of debate for
many years until the early 1980s, first of all because it was not clear if chromosomes
possibly form de novo during mitosis and dissolve completely during interphase and
secondly since it was not clear if interphase chromosomes would completely

intermingle like “spaghetti in a bowl!” (Cremer et al. 1993).
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Carl Rabl was the first who
supposed in 1885 the idea of
a territorial organization of
chromosomes existing
throughout the whole cell
cycle (Rabl 1885). Theodor

Boveri, in 1909, formulated

the hypothesis of | Fig. 2) Chromosome arrangements in blastomere
TR : nuclei of P. equorum (2n 2) drawn by Theodor Boveri:

chromosome individuality, (A) The two nuclei above and below each represent a pair
where he ostulated that of daughter nuclei from blastomeres studied at prophas_e pf
P the two-cell stage. Chromosome ends are fixed within

each chromosome territory invaginations of the nuclear envelope. Note that
chromosome arrangements and the positions of the
would occupy a certain part of | invaginations are similar in each pair, whereas different
. . . pairs show striking differences. (B) Interphase blastomere
the nucleus without loosing its | cells from an embryo drawn at the four-cell stage.
. .. Chromosome arrangements within the nucleus are
coherence and without mixing | inyisible, except for nuclear invaginations that indicate
. T telomere positions. Each pair of daughter nuclei shows
with the other territories symmetrical positions of the invaginations, whereas a

veri 1 - Cremer 1 ] comparison of the two pairs reveals gross differences.
(Boveri 1909; Cremer 1985). | 0 from (Walter et al. 2003)

He also mentioned in his

theory that daughter cells are symmetrical in their CT arrangement (see Fig. 1 and
2) depending on the alignment of chromosomes during the metaphase plate (Boveri
1909).

However, these theories were neglected for a long time. The idea of a territorial
organization of chromosomes during interphase was abolished due to the results of
electron microscopical work in the 1960s and 1970s (Wischnitzer 1973). Instead it
became popular to favor a “spaghetti’-like model, where chromosomes strongly
decondense and intermingle in a cell nucleus.

Thomas Cremer et al., in the 1980s, showed by using a laser beam experiments
that interphase chromosomes occupy discrete volumes in the nucleus (Cremer et al.
1980; Cremer et al. 1982; Cremer et al. 1982). With a microlaser beam local
genome damage was induced within a small volume of the nucleus and metaphase
spreads of those nuclei revealed that only a few chromosomes were concerned by
this damage (Zorn et al. 1979). With the development of in-situ hybridization (ISH)
and fluorescent in-situ hybridization (FISH) chromosomes were stainable as a whole
and easily detectable at microscopes. These opportunities improved the possibilities
for examination of chromosomal arrangements in cell nuclei (Manuelidis 1985;
Schardin et al. 1985). The existence of CTs was proven rapidly for many cell types

and also for tumor cells (Cremer et al. 1988; Lichter et al. 1988).
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2.2.2.

The Chromosome-Territory-Interchromatin-Compartment (CT-IC)

model

The existence of a nuclear compartmentalization became clear during the late
1980s, when functional sub domains for associated e.g. with DNA replication, RNA
processing, gene expression were described (Blobel 1985; Spector 1990; Haaf and
Schmid 1991; Cremer et al. 1993). In 1993 the term interchromatin domain (ICD)
was introduced (Zirbel et al. 1993). The ICD separates CTs and contains speckles
and other nuclear bodies, like cajal or PML bodies (Spector 2001). This
compartmentalization led to further models, like e.g. the chromosome-territory-
interchromatin-compartment (CT-IC) model (Cremer et al. 1993; Cremer and
Cremer 2001; Cremer et al. 2006). An overview of different models is given by T.
Cremer (Cremer and Cremer 2001). A fundamental idea is that the network of the IC
starts at the nuclear pore complexes (NPC), which are the gates for nuclear
transport. In a recent study, using new high-resolution imaging techniques (three
dimensional surface imaging microscopy, short 3D-SIM) developed by J.Sedat, it is
shown that there are indeed chromatin free ICD channels emanating from the NPCs
(Schermelleh et al. 2008). In the CT-IC model, the IC is described as the space
between the CTs thereby expanding like a big network with lacunas throughout the
nucleus. This interchromatin compartment provides space for non-chromatin
domains, e.g. speckles, cajal-bodies and PML bodies (Cremer and Cremer 2001).
Towards the interior branches of the IC expand between and into the CTs with
bigger and smaller branches (Cremer and Cremer 2001). Transcription and splicing
factors were found in the IC as well as other proteins like Rad51-foci (Cremer and
Cremer 2001; Albiez et al. 2006). Our group recently confirmed the presence of a
network-like IC by using hyperosmolar conditions which leads to a calcium
dependent condensation of chromatin, and thus to an expanding of IC channels
(Albiez et al. 2006). Lacunas became even more pronounced. This process was
reversible and the channels kept their topography during multiple rounds of
chromatin condensation/decondensation, arguing for a pre-existing network (Albiez
et al. 2006).
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Updated version of the CT-IC model (Albiez et al. 2006):

0.5 um
~1 Mb chromatin domains —L

Interchromatin
Compartment (IC)

A Nuclear speckles and bodies

membrane
V4

S8

™ °

ofe D
Fig. 3) Update of the chromosome territory-interchromatin compartment (CT-IC) model: A:
Cartoon of a partial interphase nucleus with differentially colored higher-order chromatin domains
(red and green) from neighboring CTs separated by the IC (white). This model postulates that the
nucleus and each CT is built up from two structurally distinct compartments: a 3D network of
chromatin domains with compaction levels much higher (10 times and more) than the compaction
level of an extended 30 nm fiber (for details see text) and an integrated IC channel network with
nuclear speckles and bodies (blue), which expands between these domains, independently of
whether they belong to the same or different CTs. The width of the IC varies from the micrometer
scale, e.g. IC lacunas containing large nuclear speckles, to nanometer scales (see B).
Intrachromosomal, respectively interchromosomal, rearrangements can occur when double-
strand breaks are induced in neighboring chromatin domains of the same respectively different
CTs. Opportunities for rearrangements are increased, when constrained Brownian movements of
neighboring chromatin domains result in a transient decrease of the width of small IC channels.
The perichromatin region (gray) is located at the periphery of chromatin domains and forms a
functionally important border zone (100-200 nm) with certain genes or segments thereof poised
for, or in the process of, transcription. Although the CT-IC model postulates that permanently
silenced genes are hidden in the interior of compact chromatin domains, the possibility that most
or all genes are located at chromatin domain borders has not been excluded. BYD: Enlargements
of nuclear sites indicated in A show ~1 Mb chromatins domains (red and green) and the
interchromatin space (white) with nuclear speckles, bodies (blue), as well as preformed modules
of the transcription and splicing machineries (pink). Diffusion of individual proteins into the interior
of compact chromatin domains is likely not prevented. Several ~1 Mb chromatin domains may
form still larger domains seen in EM images as chromatin clumps. The finest branches of the IC
with a width G100 nm may penetrate into the interior of ~1 Mb chromatin domains and end
between ~100 kb loop domains (not shown). B: The red ~1 Mb chromatin domain denotes the
end of a higher-order chromatin protrusion, which expands from the respective red CT into the
interior of the green CT (compare A). We assume that the expansion of these higher-order
protrusions is guided by the IC. Locally decondensed chromatin loops contribute to the
perichromatin region (gray). Note that the narrow IC channel allows for direct contact of loops
from neighboring ~1 Mb chromatin domains (arrow). C: This enlargement shows somewhat wider
IC channels compared to B. Note one larger decondensed loop (arrow) expanding along the
perichromatin region. D: Direct contact between chromatin domains from neighboring CTs
(arrow). The possible extent of intermingling of chromatin fibers at such connections is not known.
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2.2.2.1. Intermingling and loops

In the CT-IC model chromatin is organized in ~1Mb domains (Note that the DNA
content can range from a few hundred kb to several Mb (Jackson and Pombo 1998))
whereas the internal structure remains to be elucidated. The IC domain is believed
to expand between and also partially into the interior of those ~1Mb domains. The
perichromatin region is located at the periphery of chromatin domains and was
described as the functional important zone of active transcription (see fig.3) (Albiez
et al. 2006). Genes at the surface of ~1Mb domains are exposed towards the IC
compartment. At these sites, interactions with nuclear bodies as well as with other
components of the transcription and splicing machinery are possible (Albiez et al.
2006). Importantly no intermingling of CTs is described in this model in contrast to
the suggestions of A. Pombo and their interchromosomal network (ICN) model
(Branco and Pombo 2006). These authors suggest a border zone of neighboring
CTs where chromatin would extensively intermingle (Foster and Bridger 2005;
Branco and Pombo 2006). Chromatin loops in the CT-IC model are only possible in
coordinated structures meaning the DNA structure of at least a 30nm fiber is kept
and no decondensed DNA fibers occur. This prediction is not consistent with the
results published by the group of W. Bickmore (Chubb and Bickmore 2003). They
found loops expanding from the CTs positioning activated genes up to 1-2um
remote of their CT (Mahy et al. 2002). Cremer and co-workers however, found more
condensed fingerlike protrusions from the CTs, which was shown by FISH
experiments that stain the entire genomic region and not only a single gene
somewhere on the loop (Albiez et al. 2006; Kupper et al. 2007). Even if it could not
be excluded that small fractions of chromatin may exist in a 10 or 30nm fibers the
majority of DNA, including loops, was compacted above the level of a 30nm fiber
(Albiez et al. 2006). Investigations of a 2Mb gene-dense and highly active region on
11p15.5 showed a loop out from the CT (Kupper et al. 2007). FISH experiments with
BAC probes of the major histocompatibility complex (MHC) locus on 6p21.3, which
is one of the most gene-dense regions in the human genome showed looping out, if
cells were induced with IFN-y (Volpi et al. 2000). Chromatin became decondensed
after IFN-y treatment. This remodeling event is very fast (less than 10minutes) and
was shown to precede expression, which started after several hours (Christova et al.
2007). The loops themselves were shown to form distinct structures, which were
mediated by certain DNA anchoring sequences. These structures were believed to
be crucial regulators for gene expression because they are responsible for the
accessibility of DNA (Ottaviani et al. 2008).

11
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2.2.2.2. Computer-based models

2.2.3.

For the modelling of 3D organization of chromatin in the cell nucleus several
computer-based models have been proposed, e.g. the spherical ~1Mb domain
(SCD) model, which is a modified version of the multi-loop subcompartment (MLS)
model (Cremer and Cremer 2001). The MLS model suggests that ~1Mb domains
are built like rosettes with a series of ~100kb loops linked at a loop base spring
(Munkel et al. 1999). The SCD model further made no assumption about the internal
loop structure but this model supports the idea of the CT-IC model (Kreth et al.
2001). The 1Mb domains with a diameter of approximately 500nm are linked with
each other, forming chains of chromatin and leaving free space in between (see
fig.3).

The first quantitative model was presented by Sachs et al.: the random-walk/giant-
loop (RW/GL) model (Sachs et al. 1995). Chromatin loops with a size of several Mb
are backfolded to an underlying structure, but otherwise each giant loop is folded
randomly. In a more recent work whole human lymphocyte cells were simulated. It
was shown that using an initial probabilistic distribution fits best to experimental
observations (Kreth et al. 2004). Again a spherical 1Mb chromatin domain model
was used, combined with the latest data on chromosome length and density (Kreth
et al. 2004). This model supports the concept of a probabilistic global gene

positioning code depending on CT sequence length and gene density.

Different compartments within a nucleus

Every gene has its own promoter and enhancer/silencer regions. While promoter
regions are mostly located closely to the coding region, enhancer/silencer regions
can be located far away from the coding sequence. To explain the regulatory
mechanism it was assumed that the promoter comes close to the coding region by
folding back the chromatin fiber in an appropriate way thereby establishing
functional expression site. The spatial positioning of genes within functional
compartments was important for the expression and silencing of genes. There is
increasing evidence that gene activation or silencing is often associated with a
repositioning of the gene relative to nuclear compartments (Lanctot et al. 2007;
Mateos-Langerak et al. 2007). In the following a brief overview of the state of the art
is given concerning the interplay between nuclear architecture and the regulation of
gene expression. First some basic knowledge about the chromatin structure and the
general organization of chromatin in a cell nucleus is described, leading from a
linear DNA sequence to a topological 3D model where a regulated transcription
takes place.

12
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2.2.3.1.

2.2.3.2.

Chromatin structure

The 2m length of diploid human DNA has to be arranged in a human cell nucleus
with an average size of 10 to 20 ym. To understand how the genome is functionally
organized one has to look first at the compaction of chromatin. For transcription a
local accessibility of DNA for regulatory proteins is needed.

The first level of DNA packaging is the nucleosome. Each nucleosome consists of a
histone octamer containing two proteins of each histone H2A, H2B, H3 and H4. The
DNA double helix is wrapped around the nucleosomes by a length of 146bps. This
structure of nucleosomes is widely known as the “beads on a string” confirmation
(11nm in diameter) and was discovered by electron microscopy in 1974 (Olins and
Olins 1974). The nucleosomes can be packed more densely by the so called linker
histone protein H1. In that way the next level of compaction — the 30nm fiber — is
reached. There are at least two models proposed for this fiber: a solenoid and a
zigzag fiber (Tremethick 2007). In any case a compaction of 6-fold in comparison to
the “beads on a string” confirmation is achieved. Everything between the 30nm fiber
and the mitotic chromosome where the highest degree of compaction is reached
(250-fold in comparison to interphase chromatin) remains still elusive. According to
the two main models the 30nm fiber is organized in loops along the chromosome
(Paulson and Laemmli 1977; Gasser and Laemmli 1986) or in a helical folding
(Sedat and Manuelidis 1978).

Euchromatin and Heterochromatin

Histones have an influence on the chromatin package density and therefore on the
accessibility of DNA for regulatory proteins which is important for the regulation of
gene expression (Allis, Jenuwein, 2007). For a long time it was thought that
transcription takes place on naked DNA and histones were generally suppressor
proteins. However there was evidence that large regions of open DNA did not exist
in eukaryotic cells (Clark and Felsenfeld 1971). Only with the discovery of
nucleosomes as the fundamental chromatin subunit by Kornberg and Thomas in
1974 (Kornberg 1974), it became clear in subsequent experiments that histone tail
modifications play an important role for the condensation state of chromatin and also
for accessibility of DNA for regulatory proteins (Richmond et al. 1984; Luger et al.
1997). During the early 1980s it was shown in yeast that histone amino-terminal tails
were essential for the up-regulation of genes as well as the establishment of silent
chromatin domains (Wallis et al. 1980; Durrin et al. 1991). Acetyl was the first small
chemical group which was shown to play a decisive role in gene regulation

(Brownell et al. 1996). Other histone modifications like methylation and
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phosphorylation were discovered soon and also the corresponding enzymes for
these conversions were found. These findings played an important role in
establishing the concept of epigenetics. The last decade brought a flood of
publications dealing with the many faces of histone modifications and the role of eu-
and heterochromatin in gene expression. For deeper insight comprehensive reviews
(Jenuwein and Allis 2001; Bernstein and Allis 2005; Goldberg et al. 2007; Hake et
al. 2007; Wang et al. 2007) and textbooks are available (Chromatin, Wolffe, 1997;
Epigenetics, Allis, Jenuwein, 2007). 80 years ago, a classification into euchromatin
and heterochromatin was formulated by Heitz (Heitz, 1928). Heterochromatin was
the fraction of chromatin, which stays highly condensed as in mitosis throughout
interphase while euchromatin gets decondensed. In the last decades a somewhat
more detailed view emerged discriminating three main chromatin subtypes:
euchromatin, facultative and constitutive heterochromatin. There were several

typical properties of modified DNA and histones belonging to euchromatin or

heterochromatin. The most important are listed in the following (Table 1):

Euchromatin Facultative Constitutive
Heterochromatin Heterochromatin
Character dynamic dynamic stable
State dispersed condensed highly condensed
Nucleosome :
irregular regular regular
array
Nuclease
sensitive sites + - -
(HS)
Repllgatlon early mid late
timing
Banding pattern R G C (subset of G)
Bashe content in GC-rich relatively AT-rich mostly AT-rich
umans
gene poor
gene dense tissue specific .
Genes house keeping genes genes almost devoid of
: e : : genes
tissue specific genes inactive X
chromosome
repetitive
. single copy . sequences
Cr;zralj:;gztlc short interspersed L?gr?]g:; r?Ip_)Ie '\;sEeSd) (satellite DNA)
9 elements (SINES) transposable
elements
CpG islands frequent rare absent
H3/4 H3/4
hyperacetylation hvooacetvlation
Excerpt of H3K4me2/3 yp M
. : ; H3K9me3
epigenetic methylation H3K27me3
2) : H4K20me3
marks H3K36 methylation
; methylated DNA
R-methylation RNA|
hypomethylated DNA
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2.2.3.3.

" The base content is species specific, e.g. in cattle constitutive heterochromatin
consists of GC-rich sequences;

2 All histone lysine methylations are named according to the Brno nomenclature
(Turner 2005)

Nuclear lamina

The nuclear interior is separated from the cytoplasm by the nuclear envelope (NE).
The NE consists of an inner nuclear membrane (INM), an outer nuclear membrane
(ONM), the nuclear pore complexes (NPCs) and the lamina. The latter consists of a
meshwork of proteins, mainly intermediate filaments (IF), like lamin A/C and lamin B,
which are attached to the INM with lamin binding proteins, e.g. integrins. The lamina
is an anchor site for chromatin thereby playing a major role in chromatin
organization. But lamins do not only have structural function. They are important for
several functions like DNA replication, transcription and DNA repair (reviewed in
(Dechat et al. 2008)). There are different types of lamin, classified according to their
sequence homologies, into A- and B-type lamins. In mammals there are two major
A-type lamins — lamin A and C and two major B-type lamins — lamin B1 and B2. In
germ cells additionally Lamin C2 is found (Furukawa et al. 1994). During
differentiation different lamins are expressed. While B-type lamins are found in every
cell type, lamin A/C is only found in correlation with differentiation, starting with the
trophoblast formation, e.g. in mice lamin A/C is detectable on embryonic day 9
(Stewart and Burke 1987). Interestingly an influence on nuclei stability was reported:
In undifferentiated human ES cells, where lamin A/C was missing, nuclei were highly
deformable (Pajerowski et al. 2007).

The importance of lamins and their function is emphasized by the existence of
several severe diseases, so called laminopathies that are caused by lamin
mutations. Most of them are muscular dystrophies, like e.g. Emery-Dreifuss
muscular dystrophy or progeroid syndromes, like e.g. Hutchinson-Gilford progeria
syndrome (HGPS) or Werner’s syndrome (WS). HGPS could be caused by at least
18 different LMNA mutations and causes a severe premature aging disease
(reviewed in (Dechat et al. 2008)). The heterochromatic regions are enriched along
the nuclear lamina and known to be involved in gene regulation (Lanctot et al.
2007). There exists a physical link between the heterochromatic protein HP1p
(which is an abundant component of heterochromatin) and the lamin B receptor (Ye
and Worman 1996; Ye et al. 1997), which suggests a link between those two

compartments.
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2.2.34.

2.2.4.

Studies on the radial distribution of human CTs revealed a different localization of
human chromosome 18, which is usually found at the nuclear border in wild type
cells but which was localized in the nuclear interior in cells from laminopathy
patients (Malhas et al. 2007; Meaburn et al. 2007). Histone marks, like H3K9me3,
H3K27me3 or H4K20me3 were found to be different in patient fibroblast cells
(Scaffidi and Misteli 2005; Shumaker et al. 2006). For example an increase in
H4K20me3 might be related to telomere shortening observed in HGPS (Shumaker
et al. 2006). Little is known yet about the detailed mechanisms of chromatin
organization and lamins. But there is evidence that a close connection in
organization and function is present (Shumaker et al. 2006). Lamins act as a
dynamic molecular scaffold for chromatin and chromatin interacting or modifying
proteins throughout the nucleus (Goldman et al. 2002; Gruenbaum et al. 2003). This
scaffold may vary from cell type to cell type, dependent on the expression levels of
the various lamin isoforms. In this way it may contribute to the determination of the

specific functions of the respective cell (Dechat et al. 2008).

Nucleolus, Speckles and other nuclear bodies

Nucleoli, the places of rRNA synthesis, can vary in number and size between
species and cell types. Despite the localization of acrocentric NOR-bearing
chromosomes around the nucleolus, there was no fixed position of those CTs in
relation to each other (Bolzer et al. 2005).

Speckles are believed to represent storage sites of splicing factors. They are located
in the interchromatin domain and can possess a variable size and shape (Lamond
and Spector 2003). Splicing factors can be recruited from the speckles to the
transcription sites (Misteli et al. 1997).

There are several more nuclear bodies known, i.e. promyelotic leukaemia (PML)
bodies or cajal bodies, all with distinct functions in transcription, replication or DNA

repair (for detailed review (Spector 2001)).

Distribution pattern of CTs: radial distribution and neighborhoods

Since the discovery that chromosomes occupy distinct territories which persist
throughout the interphase, it was questioned if those CTs are arranged in a fixed
order in the nucleus. Are there fixed neighborhood patterns? How are homologues
distributed in the nucleus? Do all nuclei show the same pattern? Is there a
difference between various tissues? Several scenarios seemed to be possible and
were subject of investigations. In the following chapters several studies addressing

these questions are summarized.
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224.2.

Prometaphase rosettes

In the 1990s, there were several publications which argued in favor of a fixed
neighborhood arrangement (Nagele et al. 1995; Nagele et al. 1998; Nagele et al.
1999; Nagele et al. 2001) and even a separation of the parental genomes in
metaphase rosettes, the ring-like formation of chromosomes around the bundle of
central microtubules of the mitotic spindle, was described (Nagele et al. 1995). In
the work of Nagele et al. the angles between homologues were measured to get
information about the spatial arrangement of CTs. In prometaphase rosettes all
angles between 144° and 166° were found, which did not favor the idea of a random
distribution where all angles should have been detected. All homologue
chromosomes apparently had their homologues counterpart in an opposite position
in the metaphase plate (Nagele et al. 1995). However, several other groups could
not confirm these findings and supported a rather random arrangement in rosettes
(Allison and Nestor 1999; Bolzer et al. 2005). A study from the Cremer group e.g.
investigated prometaphase-rosettes with 24-color FISH experiments to visualize all
human chromosomes simultaneously and revealed all possible angles between
homologues, which argued against a parental separation as well as a fixed

neighborhood pattern (Bolzer et al. 2005).

Interphase nuclei

In interphase nuclei several CTs were described to be in close proximity to each
other, i.e. CT 8 and CT 11 (Nagele et al. 1999). Further more a correlation between
the location during metaphase plate and the position in the interphase nuclei was
found (Koss 1998; Nagele et al. 1999), which favored the idea of symmetrical
daughter cells as a result of mitosis (Nagele et al. 1999). As an explanation, the
association between CTs and a nuclear matrix was proposed (Nagele et al. 2001).
Concerning the radial distribution, it was suggested that the less condensed
homologue is located in the center of a nucleus while the condensed one is found at
the periphery (Koss 1998).

However many observations argued against a fixed CT arrangement and
neighborhood pattern (Lesko et al. 1995; Sun and Yokota 1999; Cremer et al. 2001;
Cornforth et al. 2002; Parada et al. 2002; Bolzer et al. 2005). Studies in lymphocytes
with centromere probes for CTs 7, 11 and 17 revealed a random distribution of
these CTs (Lesko et al. 1995). With centromere probes for CTs 4, 6, 10 and 17 a
random distribution was found in human fibroblast cells (Sun and Yokota 1999).
Extensive studies in human amniotic fluid cells and fibroblasts with whole

chromosome paint probes for CTs 1-5, 17-20 and the two sex chromosomes

17



Introduction

2.243.

2244,

revealed no specific side-by-side arrangements (Cremer et al. 2001). As already
described for prometaphase stages a study from the Cremer group visualizing all
individual chromosomes failed to detect a fixed neighborhood arrangements or CT
pattern in human fibroblasts (Bolzer et al. 2005) or lymphocytes (Cornforth et al.
2002).

Sperm heads

In sperm head nuclei of several species, fixed CT arrangements were found, for
example for the species Planaria (a fresh- and saltwater flatworm that belongs to the
phylum of platyhelminthes) (Joffe et al. 1998), rat sperm (Meyer-Ficca et al. 1998)
as well as in sperms of platypus (Ornithorhynchus anatinus, a semi-aquatic
mammal, endemic in Australia and Tasmania, belonging to monotremes, the only
mammal that lays eggs) (Watson et al. 1996). In several mammals the position of
the X-chromosome seemed to be located always in the position were the sperm
enters the oocyte (Luetjens et al. 1999; Greaves et al. 2001). This can cause, e.g.
after intracytoplasmic sperm injection (ICSI) a prolonged condensation of the X
chromosome (Luetijens et al. 1999). Many other species were described that
showed a random CT distribution or at least no statistically detectable pattern, i.e.
for grasshopper, salamander or chicken (Solovei et al. 1998; Luetjens et al. 1999;
Greaves et al. 2001), concluding that a specific arrangement might only be present
in individual species. Another study even argues that the position of CTs in human
sperm would be important for its fertility and might therefore be used to estimate

sperm quality (Finch et al. 2008).

Tissues and cancer

Cells of different tissues have different functions, which could be also reflected in
chromosome positioning (Parada et al. 2004). Distinct translocation events are
typical for certain tissues and very often involved in cancer (Mitelman 2000;
Meaburn et al. 2007). These translocations required a spatial proximity of involved
CTs (Bickmore and Teague 2002; Cornforth et al. 2002; Parada and Misteli 2002).
In several publications such proximity patterns have been observed in cancer cells
as well as in the corresponding healthy tissue cells (Kozubek et al. 1997; Lukasova
et al. 1997; Parada et al. 2002; Roix et al. 2003; Kim et al. 2004). One example is
the famous t9;22 translocation, which results in the fusion of the two genes BCR and
ABL, thereby causing chronic myeloid leukemia. In proximity studies of those two
loci in haematopoietic cells, it was found that they were more often juxtaposed than

expected by chance (Kozubek et al. 1997; Lukasova et al. 1997).
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2.2.4.5. Gene-rich and gene-poor chromosomes

Besides all controversy concerning the existence of CT neighborhood pattern, there
seems to be a consensus of a well defined radial distribution pattern (Croft et al.
1999; Bridger et al. 2000; Boyle et al. 2001; Cremer and Cremer 2001; Bickmore
and Teague 2002; Cremer et al. 2006; Lanctot et al. 2007; Misteli 2007). The typical
location of gene-poor chromosomes is towards the nuclear periphery while gene-
dense chromosomes are positioned towards the nuclear interior (Boyle et al. 2001).
Best known examples are gene-poor CTs 18 and gene-rich CTs 19 in human cells,
located at the nuclear border and center, respectively (Croft et al. 1999; Cremer et
al. 2001). These localizations are established early in the cell cycle and maintained
thereafter (Croft et al. 1999). Differences are also found concerning the volume
occupied by chromosomes 18 and 19 which both have a similar size of 76Mb and
64Mb, respectively. CTs 19 are less condensed than CTs 18 (Croft et al. 1999).
Gene-density dependent pattern were also valid for subdomains, such as
chromosome arms or chromosome bands (Sadoni et al. 1999; Gilbert et al. 2004;
Kupper et al. 2007). Accordingly G-bands, which consist of gene poor chromatin,
were located towards the periphery. In contrast, the gene rich R-bands were located
more to the nuclear interior (Sadoni et al. 1999; Kupper et al. 2007). FISH
experiments with chromosome arm specific probes for CT 18 revealed both arms
localized to the periphery. P- and g- arm of CTs 19 were located near the nuclear
core (Croft et al. 1999). Detailed studies of genes or BAC probes, assigned to a
either gene-rich or gene-poor environment, were found orientated in the same way
(Kupper et al. 2007). Gene expression, GC content and replication timing were
surprisingly not found to be determining factors for radial positioning (Kupper et al.
2007).

This distributional motif fits to the concept of a compartmentalized nucleus, where
chromatin at the periphery of nuclei is largely silenced and enriched in
heterochromatin. An explanation for this organization might be the better
accessibility of centered chromosomes for transcription factors (Parada et al. 2004;
Cremer et al. 2006). Peripheral regions are occupied by highly condensed
heterochromatin, engaged with heterochromatin proteins for stabilization (Cheutin et
al. 2003). Decondensed chromatin, rather found in the center of a nucleus is found
to correlate with gene-denstiy (Gilbert et al. 2004). Access to decondensed
chromatin regions is provided constantly (Dillon and Festenstein 2002). Functional
properties concerning nuclear organization are still matter of debate (